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Abstract  

Recently a t ime  d i f fe rence measurement system was 
developed i n  the Frequency & Time Standards  Section o f  
the  Nat ional  Bureau o f  Standards  and  independently a t  
the  Nat ional  Research  Council  which shows more than 
three  orders  of   magnitude improvement  over that   which 
is   cur ren t ly   ava i lab le   comnerc ia l l y .   Cur ren t   s ta te -o f -  
the-ar t   t ime  d i f fe rence measurement devices have speci- 
f ied  accuracies  of  about 1 nanosecond. Measurement 
p rec i s ion  and potent ia l   accuracy o f  be t te r   t han  1 p ico-  
second  has  been  demonstrated i n   t h i s  new t ime  d i f fe rence 
measuring  device.  This has s i g n i f i c a n t   i m p l i c a t i o n s   i n  
frequency  and  t ime  metrology  using:  state-of-the-art 
frequency  standards and c locks.  A b r i e f   r e p o r t  was 
given on t h i s  measurement  system a t   t h e  PTTI Planning 
Meeting a t   t h e  Naval  Research Laboratory on the   5 th  o f  
December 1974. This  paper will give  more d e t a i l e d  
c i r c u i t  diagrams  necessary t o   b u i l d  up  such a measure- 
ment  system. 

T h i s   p a r t i c u l a r  measurement  system  has t h e  advan- 
tage  tha t  i t  can  measure t ime  d i f fe rences   w i th   accura-  
c i e s   o f  a few picoseconds and w i t h   r e p e t i t i o n   r a t e s  
ranging  from a few m i l l i seconds   t o  as slow a r e p e t i t i o n  
r a t e  as would  be  desirable,  thus  expanding  convenient 
measurement o f  time domain s t a b i l i t i e s   o f  frequency and 
time  standards  over  several decades w i t h   o n l y  one meas- 
urement  system. The system i s  a lso  very  amenable t o  
s e l f - c a l i b r a t i o n  and se l f -no i se   ana lys i s .   Spec i f i ca l l y ,  
a f r a c t i o n a l   f r e q u e n c y   s t a b i l i t y   o f   a b o u t  10 l 6  was 
measured f o r   t h e   n o i s e   o f   t h i s  measurement  system a t  a 
sample t i m e   o f  io3 S .  

I n t roduc t i on  & Perspective 

When making measurements between a p a i r   o f   f r e -  
quency standards  or  clocks, it i s   o f t e n   d e s i r a b l e   t o  
have l e s s   n o i s e   i n   t h e  measurement  system than  the 
composite  noise i n   t h e   p a i r   o f  standards  being measured. 
This  places  str ingent  requirements on  measurement 
systems as the   s ta te -o f - the-ar t   o f   p rec is ion   f requency  
& time  standards has  advanced t o   i t s   c u r r e n t   l e v e l .  [l! 
As will be shown, perhaps one of   the  greatest   areas of  
d i s p a r i t y  between measurement system  noise  and  the  noise 
i n   c u r r e n t   s t a n d a r d s   i s   i n   t h e   a r e a   o f   t i m e   d i f f e r e n c e  
measurements.  Comnercial  equipment  can  measure  time 
d i f fe rences   to   about  10-los, bu t   t he   t ime   f l uc tua t i ons  - 
second t o  second - o f   s t a t e - o f - t h e - a r t   s t a n d a r d s   i s  as 
good as 10-13s. 

The d i s p a r i t y   i s   u n f o r t u n a t e  because i f  t i m e   d i f -  
ferences between two standards  could be measured w i t h  
adequate  precision  then one may a l so  know the  t ime 
f luctuat ions,   the  f requency  d i f ferences,  and the   f re -  
quency f l u c t u a t i o n s .  I n  f a c t ,  one can se t  up an i n t e r -  
es t i ng   h ie ra rchy   o f   k inds  o f  measurement  systems: 1 )  
those  that  can  measure time; x ( t ) ;  2)  those  tha t  can 
measure  changes i n  t ime   o r   t ime   f l uc tua t i ons   6x ( t ) ;  3)  

and 4 )  those  that  can measure changes i n  frequency o r  
those t h a t  can measure frequency, V ( y  7 (+vo  ) / W O  1; 
f requency  f luc tuat ions , 6v (6y f 6v/v, ) . As depicted 
i n  Table 1 i f  a measurement  system i s  of s ta tus  1 i n  
th is   h ie rarchy ,   i .e . ,  i t  can  measure t i m e ,  then  t ime 
f luctuat ions,   f requency and f requency  f luc tuat ions can 
be deduced. However, i f  a measurement  system i s  on l y  
capable o f  measur ing  t ime  f luctuat ions  (Status 2 - 
Table l ) ,  then  t ime  cannot be deduced, but  frequency 
and f requency  f luc tuat ions can. I f  frequency i s  being 

measured .(Status 3 - Table l ) ,  then  nei ther  t ime  nor 
t ime   f l uc tua t i ons  may be  deduced w i t h   f i d e : i t y  because 
e s s e n t i a l l y   a l l  commercial  frequency  measuring  devices 
have  "dead time"  (technology i s   a t  a p o i n t  where t h a t  
may soon  chan e wi th  data  processing speeds t h a t   a r e  
now avai 1 able?. Dead t i m e  i n  a frequency measurement 
des t roys   the   oppor tun i ty   o f   in tegra t ing   the   f rac t iona l  
frequency t o   g e t   t o   " t r u e "   t i m e   f l u c t 2 a t i o n s .  O f  
course, i f  frequency  can  be measured, t h e n   t r i v i a l l y  
one may deduce the  f requency  f luc tuat ions.   F ina l ly ,  i f  
a system  can on ly  measure f requency  f luc tuzt ions 
(Status 4 - Table l), then  nei ther  t ime,  nor  t ime 
f luctuat ions,   nor   f requency can  be  deduced from  the 
data. If t h e   f r e q u e n c y   s t a b i l i t y   i s   t h e   p r i m a r y  con- 
cern  then one may be p e r f e c t l y  happy t o  employ  such a 
measurement  system, and s i m i l a r l y   f o r   t h e   o t h e r  
s t a t u s e s   i n   t h i s  measurement hierarchy.  Obviously, if 
a measurement  method o f   S ta tus  1 could  be employed 
w i th   s ta te -o f - the -a r t   p rec i s ion ,   t h i s   wou ld   p rov ide   t he  
g r e a t e s t   f l e x i b i l i t y   i n   d a t a   p r o c e s s i n g .  The dual 
mixer   t ime  d i f fe rence  sys tem  se t   fo r th   in   th is   paper  i s  
purpor ted   to  be such a method. Before   d iscuss ing   th is  
method i n   d e t a i l ,  we will br ie f l y   rev iew   the   o the r  
measurement method  examples o f  Table  1. 

The measurement  method  example o f   S ta tus  2 i n  
Table 1 i s  shown i n  block  diagram i n  F igure 1 .  This 
method - as described  elsewhere [2-61 - has proved 
very   use fu l   in   ana lyz ing   the   spec t ra l   dens i ty ,  S ( f ) ,  
o f   t h e  phase ( t i m e )   f l u c t u a t i o n s   i n   p r e c i s i o n   o s c i l -  
l a t o r s ;  @ i s   t h e  phase i t - .  radians and f i s   t h e   F o u r i e r  
frequency. We use  "phase ( t ime) "  because they  are 
l i n e a r l y  and s imp ly   re la ted  by: 
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where v. i s   t h e   o s c i l l a t o r ' s  nominal   carr ier   f requency. 
The "keystone" i n  all t h e   s t a t e - o f - a r t  measurement 
systems  reviewed i n   t h i s  paper i s  the  low-noise 
Schot tky  barr ier   d iode  mixer .  The s ignal   f rom an o s c i l -  
l a t o r  under t e s t   i s   f e d   i n t o  one p o r t   o f  a m i x e r .  The 
s ignal   f rom a r e f e r e n c e   o s c i l l a t o r   i s   f e d   i n t o   t h e   o t h e r  
p o r t   o f   t h i s   m i x e r .  The s igna ls   a re   i n   quadra tu re ,  
t h a t   i s ,   t h e y   a r e  90 degrees ou t  o f  phase so t h a t   t h e  
average  vol tage  out  of   the  mixer  is   nominal ly  zero,  
and the  instantaneous  vol tage  corresponds  to phase 
f luc tua t ions   ra ther   than  to   the   ampl i tude  f luc tua t ions  
between the  two s igna ls .  The o u t p u t   o f   t h i s   m i x e r   i s  
fed  through a low pass f i l t e r  and them a m p l i f i e d   i n  a 
feedback  loop,   caus ing  the  vo l tage  cont ro l led  osc i l la tor  
( re fe rence )   t o  be phase l o c k e d   t o   t h e   t e s t   o s c i l l a t o r .  
The gain i s  ad jus ted   t o   ob ta in  a very  loose phase lock 
condi t ion.   For   ' t imes  shor ter   than  the  a t tack  t ime  o f  
the  loop a v o l t a g e   f l u c t u a t i o n  will be p ropor t i ona l  t o  
a phase o r   t ime   f l uc tua t i on   wh ich  i s  equ iva len t   to   the  
cond i t i on  where the   osc i l la to rs   a re   " f ree   Funn ing"   ( the  
at tack t i m e  i s  the  inverse o f  271 t imes  the  uni ty  gain 
bandwidth o f  the  loop).  In turn  the  output   o f   the  low 
no ise   amp l i f i e r  may be fed t o  a spectrum  analyzer,  for 
example, t o  measure the  Four ier  components of the phase 
f l uc tua t i ons .   A l te rna t i ve l y ,   t he   ou tpu t  of the  low- 
no i se   amp l i f i e r  may be fed t o  a vol tage  to  f requency 
converter  which i n   t u r n  i s  f e d   t o  a counter. A f r e -  
quency f l u c t u a t i o n ,  6v , as read on the  counter i s  
p r o p e r t i o n a l   t o  a phasg ( t i m e )   f l u c t u a t i o n ,  
6vc - &X(t ,T)   a l lowing one t o  also  analyze  the  f luctuat ions 
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i n  the  t ime-domain.   With  typical   at tack  t imes  th is 
measurement method i s  useful   for   measur ing  the  noise 
for   Four ier   f requencies  equal   to   or   greater   than 1 Hz 
and f o r  sample t i m e s   o f   t h e   o r d e r   o f  2.rr seconds  and 
shor ter .  It i s   a l s o   s p e c i f i c a l l y   v e r y   u s e f u l  i f  d i s -  
crete  sidebands  such as 60 Hz o r   d e t a i l e d   s t r u c t u r e  
e x i s t   i n   t h e  spectrum. The measurement method example 
o f   S ta tus  3 i n   t h e   h i e r a r c h y   o f   T a b l e  1 i s  shown i n  
block  diagram i n  Figure 2a. As i l l u s t r a t e d ,   t h e   s i g -  
nals  f rom two  independent o s c i l l a t o r s   a r e   f e d   i n t o   t h e  
two   po r t s   o f  a double  balanced  mixer. The d i f f e r e n c e  
frequency  or  the  beat  frequency  out, ub, i s  obtained 
as t h e   o u t p u t   o f  a low pass f i l t e r  which  fo l lows  the 
mixer.  This  beat  frequency i s  then  ampl i f ied and  fed 
t o  a frequency  counter and p r i n t e r   o r  some record ing 
device. The fract ional   f requency can simply be ob- 
ta ined  by d i v i d i n g  ub, by  the  nominal  carr ier  frequency 

u0, l y ( t , r ) )  = ub/vo.  This  heterodyne  or  beat  f re-  
quency  method  and s l i g h t   v a r i a t i o n s   o f  i t  are comnonly 
used f o r  measur ing  prec is ion  osc i l la tors .   Th is  method 
has the  advantage o f   be ing   s imp le  and  inexpensive; and 
s ta te -o f - the -a r t  measurement p rec i s ion  i s  achievable. 
It has the  disadvantages  that  only  the  magnitude of 
the  f requency  di f ference can be measured; i .e . ,   w i th -  
ou t   add i t iona l   in fo rmat ion  one cannot  ascertain  which 
o f   t he   two   osc i l l a to rs   i s   h ighe r   o r   l ower   t han   t he  
o t h e r   i n  frequency.  Also,  they  must be a t   d i f f e r e n t  
frequencies i n   o r d e r   t o   g e t  a beat  frequency; and 
t y p i c a l l y ,   f o r  comnon o s c i l l a t o r s  it i s   d i f f i c u l t   w i t h -  
out   spec ia l   synthes is   to  make th is   beat   f requency even 
as h igh as 1 Hz, hence, frequency sample times  are 
usua l l y   l im i ted   t o   abou t  1 second  and longer. Com- 
mercial  frequency  counters  cause a dead time i n  a data 
sequence  equal t o  or greater   than  the   per iod   o f   the  
beat  frequency. Dead t ime causes three  fundamental 
problems:  1) One cannot  precisely deduce the  t ime 
f l u c t u a t i o n s  by in tegrat ing  the  f requency;  2 )  I n -  
creased  complications  often  occur i n  t h e   s t a b i l i t y  
a n a l y s i s   o f   t h e   d a t a   c a u s i n g   i n  some instances  mis- 
leading  conclusions; and 3 )  The time requ i red   t o  
take  the  data i n  o rder   to  do a f r e q u e n c y   s t a b i l i t y  
c h a r a c t e r i z a t i o n   o f  a p a i r   o f   o s c i l l a t o r s  i s  o f t e n  
s ign i f i can t ly   inc reased  over   tha t   necessary   w i th  no 
dead time. Some have used a method o f   da t i ng   t he   ze ro -  
cross ings  o f   the  beat   f requency  to   successfu l ly   avo id 
the dead time  problem. 

The measurement  method  example o f   S ta tus  4 i n   t h e  
h ie rarchy   o f   Tab le  1 i s  shown i n  block  diagram i n  
Figure 2b. It i s   e s s e n t i a l l y   t h e  same as i n  F igure 1, 
except i n   t h i s  case t h e   l o o p   i s   i n  a t i g h t  phase lock 
cond i t ion ;   i .e . ,   the   a t tack   t ime  o f   the   loop   shou ld  
be o f   t h e   o r d e r   o f  a few m i l l i s e c o n d s .   I n  such a case, 
the phase f luc tua t ions   a re   be ing   in tegra ted  so t h a t  
the   vo l tage  ou tpu t   i s   p ropor t iona l   to   the   f requency  
f luc tua t ions   re la t i ve   to   the   "un locked"   re fe rence 
o s c i l l a t o r  and i s  no l onger   p ropor t i ona l   t o   t he   " f ree  
running" phase f l u c t u a t i o n s   f o r  sample t imes  longer 
than  the  a t tack  t ime  o f   the  loop.  The b ias box i s  
used to   ad jus t   the   vo l tage on a vo l tage   va r iab le   f re -  
quency tun ing   capac i to r   (var icap)   to  a convenient 
tun ing   po in t .  The v o l t a g e   f l u c t u a t i o n s   p r i o r   t o   t h e  
b ias box ( b i a s e d   s l i g h t l y  away f rom  zero)   are  fed  to  
a voltage  to  frequency  converter  which i n   t u r n   i s   f e d  
t o  a frequency  counter where the  f requency  f luctuat ions 
can be r e a d   w i t h   g r e a t   a m p l i f i c a t i o n   o f   t h e   i n s t a b i l -  
i t i e s  between t h i s   p a i r  o f  o s c i l l a t o r s .  The frequency 
counter  data  are  logged  wi th a p r i n t e r   o r  some o the r  
data  logging  device. The c o e f f i c i e n t   o f   t h e   v a r i c a p  
and t h e   c o e f f i c i e n t  o f  the  vol tage  to  f requency con- 
v e r t e r   a r e  used t o  determine  the  fract ional  frequency 
f l uc tua t i ons ,  yi, between  the o s c i l l a t o r s ,  where i 
denotes  the ith measurement as  shown i n   F i g u r e  2b. 

A system s e n s i t i v i t y  of a p a r t   i n  10" per 
Hz resolut ion  of   the  f requency  counter i s   e a s i l y  
achievable.  This method i s  useful   for  making t ime- 
domain measurements o f  the  frequency  f luctuations f o r  
sample t imes  o f   the   o rder   o f  one second and longer 
( u s u a l l y   l i m i t e d   i n   l o n g - t e r m  by the maximum gate  t ime 
of  the  frequency  counter  employed). 

Dual Mixer Time Difference System 

A block  diagram  of  the  dual  mixer  t ime  dif ference 
system i s  shown i n   F i g u r e  3. Le t  us r e s t a t e   t h a t  i f  
the   t ime  o r   the   t ime  f luc tua t ions   can  be measured 
d i r e c t l y  an  advantage i s  obtained  over  just  measuring 
the  frequency, because one can calculate  the  f requency 
from the  t ime  wi thout  dead t ime as we l l  as  know the 
t ime  behav io r .   Spec ia l   labora tory   tes t -se ts   s im i la r  
t o   t h a t  shown i n   F i g u r e  3 have been developed i n  the 
pas t   w i th   equ iva len t   t ime-d i f fe rence  p rec is ions  as good 
as 0.6 picosecond. [7, 83 

The system described i n   t h i s   s e c t i o n  demonstrated 
a precis ion  of   0.1  p icosecond and w i t h   t h e   p o t e n t i a l   o f  
achieving 0.01  picoseconds  (lO-I4s). Such prec is ions 
open the  door  to  making  t ime measurements as w e l l  as 
frequency and frequency s t a b i l i t y  measurements f o r  
sample times as sho r t  as a few mil 1 iseconds as we1 1 as 
fo r   l onger  sample times and a l l   w i t h o u t  dead t ime .   I n  
Figure 3, O s c i l l a t o r  1 could be considered  under  test 
and O s c i l l a t o r  2 could be considered  the  reference 
o s c i l l a t o r .  These s ignals  go t o   t h e   p o r t s   o f  a p a i r  
o f   double  ba lanced  mixers.   Another   osc i l la tor   wi th  
separate  symmetric  buffered  outputs i s  fed   to   the   re -  
maining  other two por ts   o f   the   pa i r   o f   doub le   ba lanced 
m ixe rs .   Th i s   comon   osc i l l a to r ' s   f requency   i s   o f f se t  
by a des i red amount from the   o ther  two o s c i l l a t o r s   p r o -  
ducing  approximately  the same beat  f requencies  wi th 
O s c i l l a t o r  1 and w i t h   O s c i l l a t o r  2 as i l l u s t r a t e d   i n  
F igure 3. These beat  frequencies will be o u t   o f  phase 
by  an amount p ropor t iona l   to   the   t ime  d i f fe rence be- 
tween O s c i l l a t o r  l and 2 when running as clocks - ex- 
c l u d i n g   t h e   d i f f e r e n t i a l  phase s h i f t   t h a t  my be 
inser ted;  and will d i f f e r   i n   f r e q u e n c y  by an amount 
equal to   the  f requency  d i f ference between O s c i l l a t o r s  
1 and 2. If O s c i l l a t o r  1 and O s c i l l a t o r  2 are on the 
same frequency  the  t ime  dif ference  remains  constant. 
I n  contrast  the  heterodyne  or  beat  frequency method 
i s   n o t   u s e f u l  i f  t h e   o s c i l l a t o r s   a r e  near  zero  beat 
frequency  which i s  o f ten  the case with  atomic  standards 
(cesium,  rubidium and hydrogen  frequency  standards). 

A phase s h i f t e r  may be i nse r ted  as i l l u s t r a t e d   i n  
F igure 3 to   ad jus t   the  phase so tha t   t he  two beat  fre- 
quencies  are  nominally i n  phase; this  adjustment  sets 
up the   n i ce   cond i t i on   t ha t   t he   no i se   o f   t he  common 
osc i l la to r   tends   to   cance l  when the   t ime   d i f f e rence   i s  
determined i n   t h e   n e x t   s t e p  - depending  on  the  level 
and the   type   o f   no ise  as w e l l  as the sample t ime   i n -  
volved as described below. A f te r   ampl i f y ing   these 
bea t   s igna ls ,   t he   s ta r t   po r t   o f  a t ime  in terva l   counter  
i s   t r i g g e r e d   w i t h   t h e   z e r o   c r o s s i n g   o f  one beat  and 
the   s top   por t   w i th   the   zero   c ross ing   o f   the   o ther   beat .  
I f  the phase f l u c t u a t i o n s   o f   t h e  comnon o s c i l l a t o r   a r e  
smal l   dur ing   th is   t ime  in te rva l  as compared to   t he  
phase f l uc tua t i ons  between O s c i l l a t o r s  1 and 2 over a 
f u l l   p e r i o d   o f   t h e  nominal  beat  frequencies,  the  noise 
o f   t h e  comnon o s c i l l a t o r   i s   i n s i g n i f i c a n t   i n   t h e  meas- 
urement noise  error  budget,  which means the  noise of  
t he  common o s c i l l a t o r  can be worse   t han   t ha t   o f   e i t he r  
O s c i l l a t o r  1 o r  2 and s t i l l   n o t   c o n t r i b u t e   s i g n i f i c a n t l y .  
The above cond i t i on  will e x i s t  if the  fo l lowing  equat ion 
i s   s a t i s f i e d :  

C t ,  fh?" << T -  U (.) ( 2 )  
Y l Z  



w h e r e   t h e   v a r i a n c e s   ( o r   t h e i r   s q u a r e   r o o t s )   a r e   a s   d e -  
f i n e d   b y   t h e  I E E E  subcommittee on f r e q u e n c y   s t a b i l i t y  
[g, l o ] .  The l e f t   s i d e   o f  Eq. (2 )  i s   r e p r e s e n t a t i v e   o f  
the  phase  ( t ime)   no ise o f   t h e  comnon o s c i l l a t o r   o v e r  
a t  and t h e   r i g h t   s i d e   i s   o f   t h e   c o m b i n e d  phase ( t i m e )  
n o i s e   o f   O s c i l l a t o r s  1 and 2 over  T .  

By t a k i n g   t h e   t i m e   d i f f e r e n c e   b e t w e e n   t h e   z e r o  
c r o s s i n g s   o f   t h e s e   b e a t   f r e q u e n c i e s ,   w h a t   e f f e c t i v e l y  
i s   b e i n g  measured i s   t h e   t i m e   d i f f e r e n c e   b e t w e e n  Os- 
c i l l a t o r  1 a n d   O s c i l l a t o r  2, b u t   w i t h  a p r e c i s i o n   w h i c h  
h a s   b e e n   a m p l i f i e d   b y   t h e   r a t i o   o f   t h e   c a r r i e r   f r e q u e n c y  
t o   t h e   b e a t   f r e q u e n c y   o v e r   t h a t   n o r m a l l y   a c h i e v a b l e   w i t h  
t h i s  same t i m e   i n t e r v a l   c o u n t e r ,  The t i m e   d i f f e r e n c e  

x (  i ), f o r   t h e  i th measurement  between O s c i l l a t o r s  1 
and 2 i s   g i v e n  by Eq. ( 3 ) :  

where A t ( i )   i s   t h e  ith t i m e   d i f f e r e n c e  as read  on   the  
counter ,  T i s   t h e   b e a t   p e r i o d ,  v i s   t h e  n o m i n a l   c a r r i e r  
f requency, @ i s   t h e  phase  delay i n   r a d i a n s  added t o  
t h e   s i g n a l   o f   O s c i l l a t o r  1 ,  and n i s  an i n t e g e r   t o  be 
determined i n  o r d e r   t o  remove t h e   c y c l e   a m b i g u i t y .  It 
i s   o n l y   i m p o r t a n t   t o  know n i f  t h e   a b s o l u t e   t i m e   d i f f -  
erence i s   d e s i r e d ;   f o r   f r e q u e n c y   a n d   f r e q u e n c y   s t a b i l -  
i t y  measurements  and f o r   t i m e   f l u c t u a t i o n  measurements, 
n may be assumed zero  un less a c y c l e   o r  more  elapses 
d u r i n g  a s e t   o f  measurements. If the   f requency   d i f f e r -  
ence  be tween  Osc i l la to rs  l and 2 i s   l a r g e  enough t o  
cause n t o  a c c u m u l a t e   s i g n i f i c a n t l y   o v e r   t h e   d u r a t i o n  
of  an  experiment, one c o u l d   e a s i l y   b u i l d  a d i v i d e r  
( c o u n t e r )   t o   d e t e r m i n e  n as a f u n c t i o n   o f   t i m e .  

The f r a c t i o n a l   f r e q u e n c y   c a n   b e   d e r i v e d   i n   t h e  
normal way f r o m   t h e   t i m e   f l u c t u a t i o n s .  

A t  ( i  + 1 ) -  m ( i )  
T2 v 

The l a s t   e q u a l i t y   i n  Eq. ( 4 )  i s   c o n v e n i e n t   f o r   u s i n g  
t h e   d i r e c t   r e a d i n g s   o f   t h e   t i m e   i n t e r v a l   c o u n t e r   b u t  
i s   n o t   v a l i d  i f  n changes  between  the i and i f 1 
r e a d i n g s .   I n  Eqs. (3 )  and (4), the  assumpt ions  are 
made t h a t   t h e   t r a n s f e r   o r  common o s c i l l a t o r   i s   s e t  
a t  a l ower   f requency   t han   Osc i l l a to rs  1 and 2, and 
t h a t   t h e   b e a t  v1 -vo s t a r t s  and w2 - v. s t o p s   t h e   t i m e  

i n t e r v a l   c o u n t e r .  The sample  t ime by a p p r o p r i a t e  
c a l c u l a t i o n   c a n  b e   a n y   i n t e g e r   m u l t i p l e   o f  T: 

Y1,2(i, m-r) = 
x ( i  + m) - x ( i )  

m T  

where m i s  any p o s i t i v e   i n t e g e r .  I f  needed, T can  be 
made t o  be   ve ry   sma l l   by   hav ing   ve ry   l a rge   bea t   f re -  
quencies.  One  may r e p l a c e   t h e  common o r   t r a n s f e r  os-  
c i l l a t o r   w i t h  a low  phase  no ise  synthes izer ,   which  de-  
r i v e s   i t s   b a s i c   r e f e r e n c e   f r e q u e n c y   f r o m   O s c i l l a t o r  2 ,  
for  example. I n  such a s e t  up the   nomina l   bea t   f re -  
quenc ies   a re   s imp ly   g i ven   by   t he  amount t h e   o u t p u t   f r e -  
quency o f   t h e   s y n t h e s i z e r   i s   o f f s e t   f r o m  v2. Sample 

t imes as s h o r t  as a few   m i l l i seconds   were   eas i l y  

ob ta ined.   Logg ing   the   da ta   a t   such a ra te   can   be  a 
p rob lem  w i thout   spec ia l   equ ipment ,   e .g . ,   magnet ic   tape.  
The  system  developed a t   t h e   N a t i o n a l   R e s e a r c h   C o u n c i l  
(NRC) d i f f e r s   f r o m   t h a t   o f   t h e   N a t i o n a l   B u r e a u   o f  
Standards (NBS) i n   t h i s   r e s p e c t :   t h a t   t h e   t r a n s f e r  
o s c i l l a t o r   i s  a lways   o f f se t  500 Hz. To ob ta in ,  e.g.. 
a 1 second  averaging  t ime,  pulses  f rom a 10 MHz c l o c k  
a r e   g a t e d   b y   t h e  500 t i m e   i n t e r v a l s   b e t w e e n   l e a d i n g  
edges o f   t h e  500 Hz b e a t s   b e f o r e   b e i n g   f e d   i n t o  a 
counter  preceded  by a d i v i d e   b y  5 stage. The counter  
has  two  count ing  reg is ters   which  are  used on a1 t e r n a t e  
seconds a t   t h e  end  of  each  second  the  accumulated 
c o u n t   i s   t r a n s f e r r e d   t o   t h e   s t o r a g e  and d i s p l a y   r e g -  
i s t e r   w h i c h   i s  so a r r a n g e d   t h a t  i t  always  d isp lays 
200,000.0 picosecond f u l l   s c a l e .  The u s e   o f   t h e   d u a l  
c o u n t e r   e l i m i n a t e s  dead time  between  measurements 
w h i l e   t h e   u s e   o f  500 Hz a l though  i t  widens  the  band- 
w id th   e l im ina tes   p rob lems  wi th s t a b i l i z a t i o n   o f  dc 
l e v e l s   i n   s t a g e s   a f t e r   t h e   f i r s t   s q u a r e r .  A t  NBS a 
comput ing  counter  was used t o   a c h i e v e  sample t i m e  
s t a b i l i t i e s  as s h o r t  as a few   m i l l i seconds  and w i t h  no 
dead t ime  (see  appendix   for   comput ing  counter   program 
p o s s i b i l i t i e s ) .  A c i r c u i t   d i a g r a m   f o r   t h i s   d u a l  
m i x e r   t i m e   d i f f e r e n c e   s y s t e m   i s  shown i n   F i g u r e  4. 

A r e v i e w   o f  some o f   t h e  advantages o f   t h e   d u a l  
m i x e r   t i m e   d i f f e r e n c e   s y s t e m   a r e :  I f  t h e   o s c i l l a t o r s ,  
i n c l u d i n g   t h e   t r a n s f e r   o s c i l l a t o r ,  and a t i m e   i n t e r v a l  
c o u n t e r   a r e   a v a i l a b l e ,   t h e  component c o s t   i s   f a i r l y  
i nexpens ive  - $500, most o f   w h i c h   i s   t h e   c o s t   o f   t h e  
phase s h i f t e r   ( t h e  phase s h i f t e r   i s   n o t   n e c e s s a r y  i f  
t h e   n o i s e   o f   t h e  common o s c i l l a t o r   i s   s u f f i c i e n t l y  
l o w ) .  The  measurement  system  bandwidth i s   e a s i l y  con- 
t r o l l e d   ( n o t e   t h a t   t h i s   s h o u l d  be  done i n  tandem w i t h  
b o t h   l o w   p a s s   f i l t e r s   b e i n g   s y m m e t r i c a l ) .  The meas- 
u r e m e n t   p r e c i s i o n   i s   s u c h   t h a t  one  can  measure  essen- 
t i a l l y   a l l   s t a t e - o f - t h e - a r t   o s c i l l a t o r s .   F o r  example, 
i f  t h e   o s c i l l a t o r s   a r e   a t  5 MHz, the   beat   f requenc ies  
a r e  0.5 Hz and t h e   t i m e   i n t e r v a l   c o u n t e r   e m p l o y e d  has 
a p r e c i s i o n   o f  0.1 p ,  t h e n   t h e   p o t e n t i a l  measurement 
p r e c i s i o n   i s  lO- I4s  (10  femto  seconds)  for  T = 2s; 
o t h e r   t h i n g s  may limit t h e   p r e c i s i o n   s u c h   a s   n o i s e   i n  
t h e   a m p l i f i e r s .   T h i s   p r e c i s i o n  does n o t   i m p l y   t h a t  
abso lu te   t ime   d i f f e rences   can   be   measured   t h i s   we l l ;  
c a l i b r a t i n g   a l l   t h e   r e l e v a n t   p h a s e   d e l a y s   l i m i t s   t h e  
t i m e   d i f f e r e n c e   a c c u r a c y   t o   t h e   o r d e r   o f  a picosecond. 
As has  been s t a t e d  above, t h e r e   i s  no dead t i m e   i n   t h e  
f requency   averages   (see   re f .   10  ) ,  which i s  a d i s t i n c t  
advantage f o r  sample  t imes  shor ter   than a second - a 
r e g i o n   o f  sample  times  where  dead  time i s   d i f f i c u l t   t o  
a v o i d   i n   m o s t   o t h e r  measurement  methods. The sample 
t i m e   i s   c o n v e n i e n t l y   s e l e c t a b l e  by a d j u s t i n g   t h e   f r e -  
quency o f   t h e  common o s c i l l a t o r  and i s   g i v e n  by t h e  
n o m i n a l   b e a t   p e r i o d   o r   m u l t i p l e   o f   t h e  same. If one 
r e p l a c e s   t h e  common o s c i l l a t o r   b y  a syn thes i ze r   t hen   t he  
b e a t   p e r i o d  may b e   s e l e c t e d   v e r y   c o n v e n i e n t l y .  The 
s y n t h e s i z e r   s h o u l d   h a v e   f a i r l y   l o w  phase  noise t o  ob- 
t a i n   t h e  maximum p rec i s ion   f rom  the   sys tem.  If d i s -  
c r e t e   s i d e b a n d s   e x i s t   i n   t h e   s p e c t r u m ,   h a v i n q  a syn- 
t h e s i z e r  as t h e  comnon o s c i l l a t o r   i s   a l s o   v e r y   c o n -  
ven ien t   because   by   se t t i ng   t he   bea t   f requency   equa l   t o  
the   s ideband   one   can   es t ima te   t he   s tab i l i t y  as i f  the  
s ideband   weren ' t   p resen t   ( t he   s ideband   has   been   f i l t e red  
o u t ) .  The system  measures  t ime  d i f ference  put t ing i t  
i n   S t a t u s  1 o f   t h e  measurement h i e r a r c h y .  One  may 
ca l cu la te   f rom  the   da ta   bo th   t he   magn i tude   and   t he   s ign  
o f   t h e   f r e q u e n c y   d i f f e r e n c e .   T h i s   s y s t e m ,   t h e r e f o r e ,  
a l l o w s   t h e  measurement o f   t i m e   f l u c t u a t i o n s  as w e l l  as 
t i m e   d i f f e r e n c e ,  and t h e   c a l c u l a t i o n   o f   f r e q u e n c y  
f l u c t u a t i o n s  as w e l l  as f requency  d i f ferences  between 
t h e   t w o   o s c i l l a t o r s   i n   q u e s t i o n .  The system may be 
ca l ibrated  and  the  system  no ise  be  measured by s imp ly  
f e e d i n g   t h e  same s i g n a l   s y m m e t r i c a l l y   s p l i t   f r o m  one 
o s c i l l a t o r   i n   p l a c e  o f   O s c i l l a t o r s  1 and 2. 
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A r e v i e w   o f   t h e   d i s a d v a n t a g e s   a r e :  The system i s  
somewhat more  complex  than  the  o thers.   Because  o f   the 
low  f requency   beats   invo lved,   p recaut ions   must   be   taken 
to   avo id   g round   l oop   p rob lems ;   t he re   a re  some s t r a i g h t -  
fo rward   so lu t ions ;   e .g . ,  a s a t u r a t e d   a m p l i f i e r   f o l l o w e d  
by a d i f f e r e n t i a t o r  and   i so la t i on   t rans fo rmer   worked  
v e r y   w e l l  i n  avo id ing   g round  loops  as  shown i n  F i g u r e  
4. B u f f e r i n g   i s  needed on t h e   s p l i t   o u t p u t   s i g n a l s  
f r o m   t h e  comnon o s c i l l a t o r  because  the   mixers   p resent  
a d y n a m i c   l o a d   t o   t h e   o s c i l l a t o r  - a l l o w i n g   t h e   p o s s -  
i b i l i t y   o f   c r o s s - t a l k .  The t i m e   d i f f e r e n c e   r e a d i n g   i s  
modulo  the  beat   per iod.   For   example,  a t  5 MHz t h e r e  
i s  a 200 nanosecond  per   cyc le   ambigu i ty   tha t   must   be  
reso lved  i f  t h e   a b s o l u t e   t i m e   d i f f e r e n c e   i s   d e s i r e d :  
t h i s   a m b i g u i t y   i s   u s u a l l y  a m i n o r   p r o b l e m   t o   r e s o l v e  
f o r   p r e c i s i o n   o s c i l l a t o r s .  

I t  i s   i n s t r u c t i v e   t o  compare t h e  measurement 
m e t h o d s   d i s c u s s e d   t o   t h i s   p o i n t   i n   t e r m s   o f   t h e  
nomina l   reg ion   o f   samp le   t imes   ove r   wh ich   eacy   t yp i -  
c a l l y   f i n d s   u s e f u l n e s s .   T h i s   i s   i l l u s t r a t e d  i n  F i g u r e  
5.  One sees  again a s i g n i f i c a n t   a d v a n t a g e   u s i n g   t h e  
dua l   m ixe r   t ime   d i f f e rence   app roach   because   o f   t he  
s i g n i f i c a n t  number o f  decades o f  sample  t ime  covered. 
To es t ima te  U ( T )  us ing   the   beat   f requency   method i t  

p l a i n e d   i n   R e f .  [ 2  and lo], s i n c e   t h i s   m e t h o d  as 
i s  necessary t o  use a s e t  o f  b i a s   f u n c t i o n s   a s  ex- 

d e s c r i b e d   i n   t h e   t e x t   g e n e r a t e s   d a t a   h a v i n g   d e a d   t i m e ,  
However, i t  shou ld   be   no ted   t ha t  by p r e c i s e l y   l o g g i n g  
t h e   d a t e s   o f   z e r o   c r o s s i n g s   o f  a beat   f requency ,   the  
p rob lem  o f   dead   t ime  may be  avoided.  This  method  has 
p r o v e n   u s e f u l   i n   t h e   F r e q u e n c y  & Time  Standards  Sect ion 
o f   t h e  NBS. An e s t i m a t e   o f  U ( T )  can  be  obta ined  f rom 

the  frequency-domain  method  suggested i n  F i g u r e  1 by 
us ing   Tab le  2 o r   R e f .  [l, 2, 8 o r  9 1 .  Tab le  2 i s  
r e s t r i c t e d   t o   i n t e g e r   p o w e r - l a w   s p e c t r a l   d e n s i t i e s   f o r  
t he   no i se   mode ls .  
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Some Measurements  Using  the  Dual   Mixer 
Time D i f f e r e n c e  (DMTD) System 

By us ing  a l o w - n o i s e   s y n t h e s i z e r   a s   t h e   l o c a l   o r  
common o s c i l l a t o r  and b y   f e e d i n g   t h e   s i g n a l   f r o m  a 
q u a r t z   c r y s t a l   o s c i l l a t o r   s y m m e t r i c a l l y   s p l i t   i n t o   t h e  
p o r t s   f o r   O s c i l l a t o r s  1 and 2 o f   t h e  DMTD system we 
est imated  the  measurement   no ise,   and  th is  i s  shown i n  
F igu re  6 as a U ( T )  vs T p1 o t .  The c u r v e   p l o t t e d  may 

be reasonably  modeled  as:  g ( ~ )  T-’ (T i n  

s e c o n d s )   w i t h   s l i g h t   e x c e p t i o n s   a t   s a m p l e   t i m e s   o f  
mi l l iseconds,   where  the  measurement   system  bandwidth 
was opened  from  1.8 Hz up t o  300 Hz, and a t  sample 
t i m e s   o f  T > 103s  where U ( T )  f l a t t e n e d   a t   s e v e r a l  

Y 
p a r t s   i n  10”; apparen t l y  some d i u r n a l   e f f e c t s   w e r e  
pe r tu rb ing   t he   sys tem.   F igu re  7a i s  a p l o t   u s i n g   t h e  
DMTD system o f  a s t r i p   c h a r t   r e c o r d i n g   o f  a d i g i t a l   t o  
a n a l o g   o u t p u t   o f   t h e   s i g n i f i c a n t   d i g i t s   f r o m   t h e   t i m e  
i n t e r v a l   c o u n t e r   b e t w e e n  a q u a r t z   o s c i l l a t o r   a n d  a 
h igh   pe r fo rmance   commerc ia l   ces ium  osc i l l a to r .   I n  
o t h e r   w o r d s   t h i s   i s  a p l o t   o f   t h e   t i m e   d i f f e r e n c e  be- 
tween  these  two  osc i l la to rs   as  a f u n c t i o n   o f   t i m e .  
The h i g h   f r e q u e n c y   f l u c t u a t i o n s   ( o v e r   f r a c t i o n s   o f  a 
second)  would  most  probably  be  those  between  the 
q u a r t z   o s c i l l a t o r   a n d   t h e   q u a r t z   o s c i l l a t o r   i n   t h e  
ces ium  servo  system.  The  low  f requency  f luc tuat ions 
(over  seconds)  would  most  probably  be  those  induced 
by  the  ces ium  servo i n   i t s   e f f o r t   t o  move t h e   f r e -  
quency o f   i t s   q u a r t z   o s c i l l a t o r   t o   t h e   n a t u r a l   r e s o n -  
ance o f   t h e   c e s i u m  atom - caus ing  a random  walk o f  
t h e   t i m e   f l u c t u a t i o n s   f o r   s a m p l e   t i m e s   l o n g e r   t h a n   t h e  
se rvo   a t tack   t ime .   F igu re  7b  shows a s i m i l a r   p l o t  
o b t a i n e d   w i t h   t h e  NRC system f o r   t h e  phase d i f f e r e n c e  
between  the NRC s tandard  CS V and a s i m i l a r   c e s i u m  

Y 

o s c i l l a t o r  as i n   F i g u r e  7a.  The a v e r a g i n g   t i m e s   o f  
1 second  causes, o f   c o u r s e ,  much coarses  s teps  a l though 
t h e   g e n e r a l   s h a p e   o f   t h e   c u r v e s   i s   s i m i l a r .  

o s c i l l a t o r s  as f o r  FYgure 7a u s i n g   t h e  DMTD system. 
The p l o t   c o n t a i n s  a l o t   o f   i n f o r m a t i o n :  The measure- 
men t   no i se   o f   t he   dua l   m ixe r   sys tem  i s   i nd i ca ted .  One 
c a n   s e e   t h e   s h o r t   t e r m   s t a b i l i t y   p e r f o r m a n c e   o f   t h e  
q u a r t z   o s c i l l a t o r s   f o r  T 5 1 S. One can  see a l i t t l e  
b i t   o f  60 Hz p resen t  as i n d i c a t e d  by s l i g h t l y   i n c r e a s e d  
va lues  o f  0 ( T )  a t   1 / 2  and 3/2 of  T = 1/60 Hz. One 
o b s e r v e s   t h g   a t t a c k   t i m e   o f   t h e   s e r v o   i n   t h e   c e s i u m  
e l e c t r o n i c s   p e r t u r b i n g   t h e   s h o r t   t e r m   s t a b i l i t y   o f   t h e  
q u a r t z   o s c i l l a t o r   a n d   d e g r a d i n g  i t  t o   t h e   l e v e l   o f   t h e  
shot   no ise   o f   the   ces ium  resonance  fo r   10  S 5 T 5 102s. 
The w h i t e   n o i s e   f r e q u e n c y   m o d u l a t i o n   c h a r a c t e r i s t i c  
then becomes the  predominant  power  law  causing U (T) t o  

i m p r o v e   a s   T - ’ / ’ u n t i l   t h e   f l i c k e r   f l o o r   o f   t h e   q u a r t z  
c r y s t a l   o s c i l l a t o r ,   i n   t h i s   c a s e  6 p a r t s   i n  be- 
comes the   p redominan t   no i se   sou rce   f o r  T >- 10’ S .  
Thus, u s i n g   t h i s   p a r t i c u l a r  measurement  system on t h i s  
p a i r  of p r e c i s i o n   f r e q u e n c y   s t a n d a r d s ,   t h e i r   s t a b i l i t i e s  
were   we l l   charac ter ized   fo r   sample   t imes  o f  a few 
m i l l i s e c o n d s   a l l   t h e  way o u t   t o  1000  seconds.  Longer 
samp le   t imes   a re   o f   cou rse   eas i l y   ach ievab le  - pa t ience  
i s   t h e   m a i n   i n g r e d i e n t !  

F i g u r e  8 i s  a U (T) vs T p l o t   o f   t h e  same p a i r   o f  

Y 

F igu re  9 i s  an  example o f  where  the common o r   t r a n s -  
f e r   o s c i l l a t o r  was known t o  be  about 5 t imes  worse i n  
f r e q u e n c y   i n s t a b i l i t y   t h a n   t h e   t w o   o s c i l l a t o r s   b e i n g  
measured.  The common o s c i l l a t o r  was a h igh  per formance 
commercial  cesium beam frequency  standard and t h e  
o s c i l l a t o r s   b e i n g  measured  were  primary  frequency  stand- 
a r d s   a t  NBS (NBS-4 and  NBS-5).  Using  the DMTD method 
and  hav ing   the   phase  re la t ionsh ip   be tween  the   beat   f re -  
q u e n c i e s   n e a r   e n o u g h   c o i n c i d e n t   t o   s a t i s f y  Eq. ( 2 ) ,  one 
may deduce t h a t   t h e   l o n g   t e r m   f r a c t i o n a l   f r e q u e n c y  
s t a b i l i t y   o f  NBS-4 o r  NBS-5 was b e t t e r   t h a n  1 x 
f o r  U (T), T = 1 day. 

Y 
Conclusions 

Us ing   low  no ise   techn iques  one  can  measure  the 
t i m e   a n d / o r   f r e q u e n c y   p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f  
s ta te -o f - the-ar t   f requency   s tandards   and  c locks .  The 
l o w   l e v e l   o f  measurement  noise i s  ach ieved  us ing  
S c h o t t k y   d i o d e   m i x e r s   w i t h   l o w   n o i s e   a m p l i f i e r s  
f o l l o w i n g .  

It has  been shown t h a t  i n  p r a c t i c e  when making 
measurements  between a p a i r   o f   c l o c k s   o r   o s c i l l a t o r s ,  
t h e   g r e a t e s t   d e g r e e   o f   f l e x i b i l i t y   i s   a c h i e v e d   i n   d a t a  
a n a l y s i s  i f  the   t ime-d i f fe rence  can  be   measured  w i th  
adequa te   p rec i s ion .  A symnet r ic   dua l   m ixer   t ime 
d i f f e rence   sys tem was d e m o n s t r a t e d   w h i c h   f u l f i l l e d   t h i s  
maximum f l e x i b i l i t y .  A s i g n i f i c a n t   v a r i e t y   o f   a l t e r -  
n a t i v e s   e x i s t   w h i c h   c o u l d   f r u i t f u l l y   e m p l o y   t h i s   s y s t e m .  
For  example, i f  the  common o s c i l l a t o r   i n v o l v e d   c o u l d  
be s y n t h e s i z e d   i n t e r n a l   t o   t h e   s y s t e m ,  and t h e   t i m e  
d i f f e r e n c e   d e v i c e   c o u l d  be a l s o   c o n s t r u c t e d   i n t e r n a l  
t o   t he   sys tem,   t hese   coup led   w i th  a mic ro-processor  
and a p p r o p r i a t e   p e r i p h e r a l s   c o u l d  make a very   power fu l  
s ta te -o f - the-ar t   f requency   and  t ime  s tandards   da ta  
acqu is i t i on   and   ana lys i s   sys tem.  

A lso  a common t r a n s f e r   o s c i l l a t o r   f o l l o w e d   b y  a 
s u i t a b l e   d i s t r i b u t i o n   a m p l i f i e r   c o u l d   d r i v e   s e v e r a l  
ba lanced  mixers   s imu l taneous ly .  The bea t   s igna ls   t hen  
cou ld  be m u l t i p l e x e d   i n t o  a t i m e   i n t e r v a l   c o u n t e r   o r  
i n t o  a p r e c i s e   d a t i n g   d e v i c e  and the   da ta   t hus   ob ta ined  
a t  r e g u l a r   i n t e r v a l s   w o u l d  be u s e f u l   i n  a t imekeeping 
s y s t e m   w i t h   s e v e r a l   c o n t r i b u t i n g   c l o c k s .  
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Appendix:  Computing  Counter  Program 

The f o l l o w i n g   p r o g r a m  may be  used i n  a comput ing 
c o u n t e r ,   i s   u s e f u l   i n   d e t e r m i n i n g   t h e   f r a c t i o n a l   f r e -  
quency s t a b i l i t y ,  G (T), and i s   u n i q u e  as  compared w i t h  

o t h e r   s i m i l a r   t y p e s   o f   p r o g r a m s   t o   d e t e r m i n e   s t a b i l i t y  
i n  t h a t  i t  does so w i t h  no  dead  t ime.  The  fo l lowing 
program  actual ly   determines  the  root -mean  square  second 
d i f f e r e n c e ,  (A2 ( A t ) )  rms, o f  t h e   t i m e   d i f f e r e n c e  
readings  between a p a i r   o f   c l o c k s   o r   o s c i l l a t o r s ,   a n d  
t h e r e f o r e  complements   very   n ice ly   the   dua l   m ixer   t ime 
d i f f e r e n c e  measurement  system  described i n   t h e   t e x t .  
The f r a c t i o n a l   f r e q u e n c y   s t a b i l i t y  may be c a l c u l a t e d  
f rom  computer   p rogram  resu l ts   as   fo l lows:  

Y 

I f a d d i t i o n a l   p r o g r a m i n g   s t e p s   w e r e   a v a i l a b l e ,   o f  
course   one  cou ld   Droqram  the   comput ing   counter   to   ca l -  
c u l a t e   a n   e s t i m a t e  o f  U (T) d i r e c t l y . -   F o l l o w i n g   i s  
the  program  procedure  ' to  generate  (A*  (At))mS: 

1 .   c l e a r  x 
d 

16. b x y 

2 . c*- --ix 
- F =  

17. - ( s u b t r a c t )  

3. P l u g - i n  18. 

4. <L+ 19. x ( m u l t i p l y )  

5.  P l u g - i n  20. c x y 
2 

6. %-X 
--3 21. + (add) 

4 
7 . a x y  22. C"'X 

U 

8. - ( s u b t r a c t )  23.  Repeat 

9. 24. Xfer   Program 

10. Xfer  Program 25. c x 
-J 

11.   P lug- in  
4 

26. N x y 

12. + . x  
-A 27. G ( d i v i d e )  

13. a x y  28. K 

14. - ( s u b t r a c t )  29. D i s p l a y  x 

15. b z x  30.  Pause 

The c o n f i d e n c e   o f   t h e   e s t i m a t e  will improve  approx i -  
m a t e l y   a s   t h e   s q u a r e   r o o t   o f   t h e  number o f   t i m e s  ( N )  
the   sub- loop i s  repeated  as  preset  by  the  programmer 
[Ill. 
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O U T P U T  OF 

V O L T A G E  C O N T R O L  
O F  F R E Q U E N C Y  - 

B 

rIGURE 1 

A phase ( o r   t i m e )   f l u c t u a t i o n  measurement  system. 
The r e f e r e n c e   o s c i l l a t o r   i s   l o o s e l y   p h a s e - l o c k e d   t o  
t h e   t e s t   o s c i l l a t o r  - a t t a c k   t i m e   i s   a b o u t  1 second. 
The r e f e r e n c e   a n d   t e s t   o s c i l l a t o r s   a r e   f e d   i n t o   t h e  
t w o   p o r t s   o f  a S c h o t t k y   b a r r i e r   d i o d e   d o u b l e   b a l a n c e d  
m i x e r  whose o u t p u t   i s   f e d   t h r o u g h  a low  pass f i l t e r  
and l o w   n o i s e   a m p l i f i e r ,  a b a t t e r y   b i a s   b o x   a n d   t o  
t h e   v a r i c a p   o f   t h e   r e f e r e n c e   o s c i l l a t o r .  The i n s t a n t -  
aneous o u t p u t   v o l t a g e  o f  the   phase  locked  loop   (PLL)  
f o l l o w i n g   t h e   l o w   n o i s e   a m p l i f i e r  will be p r o p o r t i o n a l  
t o   t h e   p h a s e   o r   t i m e   f l u c t u a t i o n s   b e t w e e n   t h e   t w o  
o s c i l l a t o r s   w h i c h   i s   u s e f u l   f o r   t i m e s   s h o r t  compared 
t o   t h e   a t t a c k   t i m e   o f   t h e   s e r v o .  
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OSCILLATOR 
vuora TEST 

M I X E l l  

HETEROOYNE FREOUENCY 
MEASUREMENT METHOD 

F I G U R E  2a. 
A frequency  and  frequency  fluctuation  measurement 
system.  The  difference  frequency, tu ,  - vo I  is 
measured  with  a  frequency  counter. A counter 
measuring  the  period ( o r  multiple  period) of the 
beat  (difference)  frequency  could  equivalently be 
used. 

F I G U R E  3.  

A time  difference  and  time  fluctuation  measurement 
system.  The  low  pass  filters (LPF) determine  the 
measurement  system  bandwidth  and  must  pass  the 
difference  frequencies which are depicted  by  the 
solid-line  and  dashed-line  sinusoids at the  bottom 
of the  figure. The positive  going zero volts 
crossing o f  these  difference  (beat)  frequencies are 
used  to start  and  stop  a  time  interval counter after 
suitable  low  noise  amplification. The ith  time diff- 
erence  between  Oscillator 1 and  2  is  the At(i) read- 
ing of the counter divided by TW and  plus  any  phase 
shift added, 4 ,  where U v1 = u p  is  the  nominal 
carrier  frequency. The frequency  difference  is 
straight  forwardly  calculated  from  the  time  differ- 
ence  values. 

M I I E l  

1 
LW W53 FILTER 

TIGHT  PHASE-LOCK LOOP 
METHOO OF MEASURING 
FREOUENCY STABILITY 

FIIEPilENCV COUNTER 

FlGlJRE 2b. 
A frequency  fluctuation  measurement  system. The 
attack  time o f  the  phase  lock loop in this case is 
much  less  than  a  second. The amplifier (AMP) output 
voltage  fluctuations for sample  times  significantly 
longer  than  the  servo  loop  attack  time  will  be  pro- 
portional  to  the  frequency  fluctuations  which  would 
have  existed  between  the  "free  running"  oscillators. 
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A QUARTZ  OSC (DIANA) vs CESIUM 601 
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S L W L I  Ilm. I 1 5 1  

FIGURE 8. 
A U (T) versus T p l o t   o f   t h e   f r a c t i o n a l   f r e q u e n c y  

f l u c t u a t i o n s ,   y ( t )  between  a high  performance 
commercial  cesium beam frequency  standard  and  a 
c o m r c i a l   q u a r t z   c r y s t a l   o s c i l l a t o r .  

Figure  9. A ncasurennt of the  fractional frequency s t a b i l i t y  o [l) of the 

t*o P r i W Y  frequency  standards NBS-4 6 NBS-5 versus  sampling time 
l Using  the  dual  mixer  time  difference method of maw-nt.  
The frequency i n s t a b i l i t y   o f   t h e  CDRnn osc i l la tor  employed was 
about a factor of 5 greater  than  that of e i ther  MS-4  or  NBS-S. Y 

TABLE 1. Hierarchy of measurement  methods:  showing  that  the  measurement of 

g r e a t e s t   d a t a   p r o c e s s i n g  c a p a b i l i t y .  
t i n e   d i f f e r e n c e s   b e t w e e n  a   p a i r  of o s c i l l a t o r s   ( c l o c k s )   g i v e s   t h e  

1 (2.)' I' f 
( f l i cker   phase)  

13.81 + 3 ln(whr)]f 

3.81 + 3 ln(w,,r) (2.)' T *  V: 

0 
(white  frequency) 

-1 1 
( f l icker   f requency)  2 ln(2)   f  

(random  walk frequency) - - 2  6 
(2n)' l f' 

TABLE 2. Converoion table from time-domain t o  frequoncy-domain  and from 
tr .qumcy-domin to  tho-dollsin for c-n kinds of i n t e g e r  power 

width. 
law spec t r a l   dcns i t i e s ; fh ( -  yh/Zn) is the   wasurencnt   sys tem  bmd-  

v: 
S , ( f )  - - s y w  

f' 

41 1 


